activities by lowering intracellular water (Gleeson et al., 2008) . The relative importance of these two sources in desert soils, deposition versus nitrification, and their dependences on MAP, however, are poorly constrained over space and time (Boring et al., 1988; Walvoord et al., 2003) .
Oxygen isotope abundances have recently proven useful for distinguishing these two NO majority of material and processes on Earth, there exist isotopic fractionations that are proportional to the relative differences in isotope masses and these are referred as mass-dependent isotopic fractionations (see review in Thiemens, 2006) . During nitrification, oxygen atoms of water and air that both comply with the mass-dependent law are proportionally transferred to NO (Miller, 2002) . Atmospheric NO − 3 , on the other hand, contains an "anomalous" 17 O excess over what is expected based on 18 O abundances (Michalski et al., 2003) . The deviation from mass-dependent fractionation is called "mass-independent isotopic fractionation" and quantified by 17 (Miller, 2002; Thiemens, 2006 (Michalski et al., 2003; Alexander et al., 2009; Morin et al., 2009) which arises during NO x oxidation by tropospheric ozone that has 17 O values of 25-35h (Michalski and Bhattacharya, 2009; Vicars and Savarino, 2014 produced from nitrification that is approximately zero, and f atm and f nitrif are the mole fractions of atmospheric deposition and nitrification contributing to the soil NO − 3 pool, respectively ( f atm + f nitrif = 1) (Michalski et al., 2004; Dejwakh et al., 2012) . Since atmospheric NO − 3 deposition and nitrification rates are both sensitive to precipitation changes in desert regions, we hypothesize that MAP variations can alter f atm and f nitrif in different proportions and become manifested in 17 
Soil sampling and analysis
Undisturbed soils were collected from 22 sites in four hot deserts (Atacama, Chile; Kumtag, China; Mojave, United States; and Thar, India) (Fig. 1, Table 1 ). The Atacama Desert, located between the Coastal Range to the west and the Andes to the east in northern Chile, is one of the driest places on Earth with moderntime MAP <2 mm in its hyper-arid core (Houston, 2006b) . It is well known to contain massive NO − 3 deposits in the world that have been extensively mined since early 1800s (Ericksen, 1981) . The Kumtag Desert is located in the Turpan-Hami Basin in western China, which is the second-driest and the only inland desert among these four deserts with typical MAP of 30-50 mm in most areas (Li et al., 2011) . 2.5 billion ton NO − 3 deposits, rivaling those in the Atacama, have recently been identified in the Kumtag (Qin et al., 2012) . The Mojave Desert is situated in southwestern US between the Great Basin Desert to the north and the Sonoran Desert to the south with typical MAP of 30-300 mm (Hereford et al., 2006) . Sporadic subsurface (∼2 m) NO − 3 deposits have been found in the Mojave (Walvoord et al., 2003; Graham et al., 2008) . The Thar Desert, located in northwestern India forming a natural boundary along the border between India and Pakistan, is wettest among the four deserts with typical MAP of 100-500 mm (Pramanik, 1952) . NO − 3 deposits in the Thar have not been documented, but sufficient NO − 3 was found in soils analyzed in this study for oxygen isotope analysis.
Sampling sites on stable and ancient landforms with typical desert surfaces were selected also based on the distinction from mining excavations and roads as well as the availability of MAP data in order to span a wide range of MAP rates. Decadal MAP data of nearby meteorological stations were obtained for the Atacama sites from Houston (2006b) , Kumtag sites from Li et al. (2011) , and Thar sites from Indian National Data Center, while MAP data for the Mojave sites were interpolated using the PRISM model (http://oldprism.nacse.org). At most of these sites, the soil was mantled by desert pavement, a common land-surface feature in desert regions. Patchy bushes were found at some sites (see detailed site descriptions in SI Table S1 ), and only the open space between bushes was sampled. All soil profiles were hand sampled from the surface to a depth of 20-50 cm. Samples were stored in air-tight plastic bags at 20 • C until analysis.
Bulk soils were first sieved using 2 mm sieves. 1-20 g of the sieved soil was added to 30-40 ml of Millipore water and the soil-water mixture was vortexed to extract water soluble salts. NO ] were highest in Kumtag soils ranging from 3.8-94.0 μmol/(g soil), typically one order of magnitude higher than those from the Atacama (0.2-8.5 μmol/(g soil)) or the Mojave (0.2-3.3 μmol/(g soil)) ( Table 1) . This is because all the Kumtag sites were located in major mining areas where nitrate deposits of high ore grades were reported to have mainly accumulated in the surface or subsurface (15-70 cm) (Qin et al., 2012) , while the sites in other deserts were in non-mining or mine tailing areas. Further data analysis indicated that the Atacama soil [NO (Table 1) . These values spanned broader ranges compared to those reported for the Atacama sites by Böhlke et al. (1997) and Michalski et al. (2004) , probably owing to that this study cov- Therefore, approximately 11.5 mm can be the dry end of microbial activities below which nitrification is nearly eliminated, as nitrification (and 17 O NO 3 soil ) can vary strongly with small increases in MAP (Fig. 2) of zero for the sample from the hill slope (0-20 cm integrated sample). This is probably because water was unevenly distributed over the hill with the hill slope receiving and holding a significant amount of water drained from the hilltop, which was evident from the shrub coverage on the hill slope and barren surface with desert pavements on the hilltop (SI Table S1 ). (Fig. 2) , probably due to that the Copaquire site that is subject to drain water from the surrounding mountains, different from most of other sites where precipitation is the major water source. The Tocene site, located in a mountain basin with 40% bush coverage (SI Table S1 ), also had a lower 17 O NO 3 soil (5.1h) than expected, suggesting the possibly similar existence of drain water from mountains. Fourthly, the model-data deviations might also arise if there were variations in evaporation between sites that might have influenced the 17 O NO 3 soil by varying the extents of microbial nitrification. Pan evaporation rates generally far exceed the actual evaporation because of the water limits in desert regions. For example, the recorded annual pan evaporation for our sites in the Atacama were 1984-3631 mm (Houston, 2006a) , ∼3000 mm in the Kumtag (Qin et al., 2012) , and ∼2000 mm in the Mojave (Blaney, 1957) , which were similar in values between deserts but typically one or two orders of magnitude higher than their local MAP. Obviously, these desert evaporation potentials could not be fulfilled, and the local actual evaporation should approximate to local precipitation. Therefore, evaporation was not treated as an independent factor and thus not corrected for variations when deriving the MAP-17 O NO 3 soil relationship. However, the typical vertical distribution of nitrate, chloride, and sulfate with increasing depths in the Kumtag suggested that soluble salts were up-drawn by capillary force and evaporation to precipitate in the sequence of solubility from salt-enriched ground water in the Kumtag, though the nitrate all mainly originated from atmospheric deposition (Qin et al., 2012) . This "bottom-up" mechanism of shallow nitrate deposit formation is clearly different from the "top-down" infiltration mechanism occurring in the Atacama that induced the concentration of nitrate at depth and below sulfate (Ericksen, 1981 (Li et al., 2011) . The lowest value of 5.9h suggests a MAP of 125.0 mm, typical of precipitation in the local mountain range (Li et al., 2011) . This supports the authors' proposed mechanism that the deposits are a mixture of local (hyper-arid) and remote (semi-arid) NO − 3 sources that are connected through a groundwater system. Ewing et al. (2007) and 15.4h at the two sites, respectively. These values can yield MAP of 29.1 mm and 39.8 mm, closer to their MAP of 10 mm and 21 mm, respectively. The remaining discrepancies may then be due to the second possibility that fog plays a role in supplying water to nitrifying microbes. Intrusion of thick fogs through the Coastal Range into the inland sites in the Atacama is common (Cereceda and Schemenauer, 1991) , and the deposited fog water may support sparse plant life and promote microbial activity (Warren-Rhodes et al., 2006) . Thus, slightly higher predictions of MAP by our MAP-17 O NO 3 soil proxy calibration compared to local precipitation data in coastal deserts could be due to fog precipitation being neglected from the local precipitation data. Fig. 1 ). Those clay hills were covered with thin and blistered surface crusts and nearly absent of vegetation, while high contents of NO − 3 salts accumulate in "caliche" layers above the clay beds that were proposed to have moved in a "bottom-up" manner by capillary rise. It was postulated that these field sites were once playa or evaporating lakes that became desiccated after the Pleistocene and further buried and deformed by tectonic activities. After desiccation, biological soil crusts might be established with nitrate produced, while biotic and atmospheric nitrate from the surrounding areas could also be leached to the newly-exposed lake sediments. (Pluhar et al., 1991) , and continued into the early Pleistocene (1.8 Ma) while Sperry and Bully Hill were younger than 1.8 Ma (Wright, 1974) . This indicates that the Mojave was dry at 2.15 Ma (MAP ∼50 mm), before transitioning to a wetter climate around 1.8 Ma. This is consistent with the relatively drier late Pliocene and Early Pleistocene inferred from compilation of proxy-based reconstructions in southwestern US (Thompson, 1991; Winnick et al., 2012) and then increased desiccation in the Holocene from an intermedite wet period (Walvoord et al., 2003) . The advantage of our 17 O NO 3 soil proxy is its ability to quantify MAP during this dry-to-wet transition. The future improved positional age constraints on the Death Valley region may be used for higher resolution detection of MAP changes in southwestern US at the Pliocene-Pleistocene boundary. 17 O NO 3 soil of 4.6-14.4h (mean 9.9h) were determined by Rech et al. (2006) for the Barros Arana paleosol that was developed on basement rock or alluvial fan at elevations between 2200-3500 m along the southeastern margin of the Calama Basin of the Atacama (see sites in Fig. 1 ). The paleosol was estimated to have a minimum age of 9.4 Ma from ignimbrite dating. High concentrations of near-surface sulfates and chlorides and nitrates at depth as well as large vertical salt fractures were identified, which were not likely formed by capillary migration but the downward translocation of salt enriched dust into the profile during rare precipitation events (known as the "top-down" formation mechanism Rech et al. (2006) were for deep NO − 3 , which may have been formed under even wetter climatic conditions. This reinterpretation is important because the onset of hyper-aridity in the Atacama was suggested to occur in middle Miocene or even later and should have been linked to the uplift of the Andean Cordillera (Hartley et al., 2005; Bissig and Riquelme, 2010) . This reinterpretation points to a stepwise aridification rather than a single major climate shift (Reich et al., 2009) . NO − 3 found in the Cambro-Ordovician Nubian sandstone aquifer system in the Hasouna area (Libya) had 17 O values between 0.4 and 5h (Dietzel et al., 2014) . The Nubian sandstone aquifer, one of the world's largest paleo-groundwater aquifers (>2,000,000 km 2 ), is situated in the Eastern end of the Sahara Desert and consists of fractured quartzitic sandstone that spans 500-1500 m in thickness (see sites in Fig. 1 ). 
Re-interpreting previous paleoclimate studies

